Introduction
============

Somatic afferent stimulation to the skin, muscle and joints has been found to produce reflex responses in visceral function via autonomic efferent nerves in animals anesthetized to eliminate emotional factors ([@B1]). Clinical application of somatic afferent nerve stimulation by acupuncture has been successfully employed for the adjustment of autonomic malfunctions ([@B2; @B3; @B4]). The neural mechanism of the autonomic responses following acupuncture has now accumulated ([@B5; @B6; @B7]). Recent acupuncture studies demonstrated that acupuncture-like stimulation delivered to anesthetized animals produced reflex responses of various visceral functions, e.g. gastric motility ([@B5],[@B8]), bladder contraction ([@B5],[@B9]), cardiovascular responses ([@B10]), adrenal medullary hormonal function ([@B11],[@B12]), etc. These acupuncture-like stimulation-induced responses have been proven to be reflexes in which afferents are cutaneous and muscle somatic afferent nerves and efferents are autonomic efferent nerves. Some of these somato-autonomic reflexes are segmental spinal reflexes and others are non-segmental supraspinal reflexes ([@B1],[@B5],[@B6]).

The possibility that acupuncture improves blood flow of various organs has been suggested as a mechanism of acupuncture effects on visceral functions. For example, it is likely that improvement of cerebral circulation is a possible mechanism of the effect of acupuncture in the treatment of cerebral stroke ([@B13]) and vascular dementia ([@B14],[@B15]), caused by disturbances in cerebral blood flow. Concerning the mechanism of acupuncture effects on female infertility, blood flow of the uterus was expected to increase by acupuncture stimulation ([@B16],[@B17]). Concerning the mechanism of acupuncture therapy for neck stiffness, blood flow of the neck muscles was expected to increase by acupuncture stimulation ([@B4],[@B18]).

Recently, on the basis of somato-autonomic reflexes, the neural mechanisms of acupuncture effects on regional blood flow in various organs have been examined using anesthetized animals. These studies are introduced in this review article, especially on blood flow of the cerebral cortex, uterus and skeletal muscles.

Non-segmental and Segmental Mechanism of Blood Flow Regulation
==============================================================

Cortical Cerebral Blood Flow (CBF)
----------------------------------

### Acupuncture Increases CBF

In anesthetized rats, Uchida *et al*. ([@B19]) examined the effects on cortical cerebral blood flow of acupuncture-like stimulation of various segmental areas and further examined the neural mechanisms of the acupuncture-induced responses of CBF. An acupuncture needle (diameter 340 μm) was inserted into the skin and underlying muscles to a depth of 5 mm and was twisted manually right and left approximately once every second for 1 min. CBF of the parietal cortex was measured using a laser Doppler flowmeter. Acupuncture-like manual stimulation of the face, forepaw and hindpaw produced significant increases in CBF, but stimulation of the chest and perineum did not produce significant responses ([Fig. 1](#F1){ref-type="fig"}). Both ipsilateral and contralateral CBF responses were almost identical. The increases in CBF were always accompanied by pressor response of mean arterial pressure (MAP). However, after spinal transection at the first and second thoracic level, the blood pressure response to stimulation of the face and forepaw was suppressed, whereas the increase in CBF still took place. This indicates that the CBF response is independent of changes in MAP. Figure 1.The effect of acupuncture-like stimulation of various areas on CBF in the unilateral parietal cortex in central nervous system-intact rats. (**A**) Sample recordings of CBF in the parietal cortex ipsilateral to the stimulating site following acupuncture-like stimulation of the face, forepaw, chest, hindpaw and perineum for 1 min (indicated by horizontal bars). (**B**) Summary of CBF responses. Each point and vertical bar represent the mean ± SEM. \**P* \< 0.05, \*\**P* \< 0.01; significantly different from prestimulus control values using a paired *t*-test. Modified from Uchida *et al*. ([@B19]).

### Somatic Nerves are the Afferent Pathway of the CBF Response

The increase in CBF induced by forepaw stimulation was abolished by severance of the somatic nerves at the brachial plexus. Forepaw stimulation enhanced the activity of the radial, ulnar and median nerves. Furthermore, passing an electric current through acupuncture needles showed that excitation of group III (Aδ) and group IV (C) afferent fibers in the somatic nerve was capable of producing an increase in CBF, whereas excitation of group I (Aα) and group II (Aβ) fibers was ineffective. These findings of CBF responses during acupuncture-like stimulation is partially a confirmation of the finding of CBF response to noxious mechanical cutaneous stimulation (pinching) in anesthetized rats reported by Adachi *et al*. ([@B20]).

### Intracranial Cholinergic Vasodilators are the Efferent Pathway of the CBF Response

Uchida *et al*. ([@B19]) examined involvement of extrinsic autonomic nerves innervating the cerebral blood vessels on the CBF response. The CBF response elicited by electro-acupuncture stimulation of a forepaw in the spinalized rats did not significantly change either (i) after eliminating the sympathetic and parasympathetic nerves innervating the cerebral blood vessels by severance of the cervical sympathetic trunks and removal of the palatine ganglia, bilaterally, or (ii) after i.v. injection of propranolol, a β-adrenergic receptor blockade, or additional injection of phentolamine, an α-adrenergic receptor blockade and (iii) after i.v. injection of methylatropine, or additional injection of hexamethonium, blood brain barrier (BBB), impermeable muscarinic and nicotinic acetylcholine (ACh) receptor antagonists. These evidences neglect an involvement of sympathetic and parasympathetic efferents for the CBF response.

Then, involvement of intrinsic cholinergic fibers originating in the magnocellular nucleus of the basal forebrain \[the nucleus basalis of Meynert (NBM)\] ([@B21]) was also examined. The CBF responses were attenuated after i.v. injection of atropine, a BBB permeable muscarinic ACh receptor antagonist and were further attenuated by an additional i.v. injection of mecamylamine, a BBB permeable nicotinic ACh receptor blockade ([Fig. 2](#F2){ref-type="fig"}C--E). Furthermore, extracellular ACh release in the parietal cortex measured every 3 min using microdialysis ([Fig. 2](#F2){ref-type="fig"}A) and a high-performance liquid chromatography (HPLC) measuring system was increased by acupuncture-like manual stimulation of a forepaw ([Fig. 2](#F2){ref-type="fig"}B). ACh, detected to increase in the cortex, appeared to be released from cholinergic nerve terminals in the cortex following acupuncture-like stimulation. In fact, Akaishi *et al*. ([@B22]) demonstrated the excitation of NBM neurons by cutaneous pinching in anesthetized rats. The CBF response elicited by electro-acupuncture stimulation of a forepaw in spinalized rats was totally abolished after the lesion of bilateral NBM. Therefore, activation of the intracranial cholinergic system originating in NBM is important for elicitation of an increase in CBF following acupuncture-like stimulation, independent of blood pressure. Figure 2.(**A**) Diagram of the experiment demonstrating the microdialysis probe in the cortex. (**B**) Effects of acupuncture-like stimulation of the unilateral forepaw on extracellular ACh release in the parietal cortex ipsilateral to the stimulating site in central nervous system-intact rats. Each column and vertical bar show the mean ± SEM. \*\**P* \< 0.01; significantly different from the prestimulus control value using one-way repeated ANOVA followed by Dunnett\'s multiple comparison test. (**C--E**) Effect of cholinergic receptor antagonist permeable to BBB on CBF response induced by electro-acupuncture stimulation of a forepaw in spinalized rats. ATR: atropine, 5 mg/kg, i.v. MEC: mecamylamine, 20 mg/kg, i.v. Modified from Uchida *et al*. ([@B19]).

### Summary of the Reflex Pathway for the CBF Response

We conclude that the increase in CBF, elicited by acupuncture-like stimulation, is a non-segmental supraspinal reflex response, whose afferent pathway is composed of somatic group III and IV afferent nerves and whose efferent nerve pathway includes intrinsic cholinergic vasodilators originating in the NBM ([Fig. 5](#F5){ref-type="fig"}). The increase in CBF was produced by stimulation of the face, forepaw or hindpaw, but not by that of chest or perineal area. The difference in response magnitude appears to depend either on different density of afferent innervations of various segmental skin and muscle or on different connections to the central cholinergic vasodilators, from various segmental areas of the body.

Uterine Blood Flow (UBF)
------------------------

### Cutaneous Mechanical Stimuli Increase UBF

It has been reported that electro-acupuncture reduced blood flow impedance in the uterine arteries of infertile women ([@B16]). However, neural mechanisms of UBF responses to somatic afferent stimulation have not yet been clarified. Hotta *et al*. ([@B23]) examined the effects of cutaneous mechanical afferent stimulation of various skin areas on UBF in anesthetized non-pregnant rats. Blood flow of the uterine body was measured continuously using a laser Doppler flowmeter. Noxious pinching stimulation of the face, forepaw or abdomen was ineffective, while pinching stimulation of the hindpaw and perineum produced increases in UBF ([Fig. 3](#F3){ref-type="fig"}A). The response after perineal pinching was larger than the response after hindpaw pinching ([Fig. 3](#F3){ref-type="fig"}B). In the case of innocuous brushing stimuli, only the perineal area caused an increase in UBF ([Fig. 3](#F3){ref-type="fig"}C and D). The mean arterial pressure increased following pinching of the face, forepaw, hindpaw and perineum by 5--30 mmHg, but the increases in UBF was not always accompanied by arterial pressure responses. Figure 3.The effect of cutaneous stimulation of various areas on uterine blood flow in central nervous system-intact rats. (A and C) Sample recordings of uterine blood flow responses following pinching stimulation of various segmental areas of the body (**A**) or perineal brushing (**C**) for 1 min. (**B**) Summary of the responses of uterine blood flow to pinching of various skin areas and (**D**) brushing of the perineum. Changes in maximum responses of uterine blood flow during stimulation were calculated. Each column and vertical bar represent the mean ± SEM. \**P* \< 0.05; \*\**P* \< 0.01; significantly different from pre-stimulus control values, using *t*-test. Modified from Hotta *et al*. ([@B23]).

### Parasympathetic Cholinergic Vasodilators are the Efferent Pathway of the UBF Response

Blood flow of the uterus is known to be regulated reciprocally by parasympathetic (pelvic) cholinergic vasodilators and sympathetic (hypogastric) adrenergic vasoconstrictors in rats ([@B24]). Severance of bilateral pelvic nerves completely abolished the increase in UBF elicited by cutaneous stimulation, while the severance of bilateral hypogastric nerves alone did not significantly influence the responses of UBF. These results indicate that pelvic nerves are efferent paths for the increase in UBF. In fact, uterine pelvic parasympathetic efferent activity was increased by perineal pinching ([Fig. 4](#F4){ref-type="fig"}); therefore, the UBF response was a reflex response via the activation of pelvic efferent nerves. Figure 4.Effects of cutaneous stimulation on uterine pelvic efferent nerve activity in central nervous system-intact rats. (**A**) Schematic diagram of experimental procedures for perineal stimulation and recording of uterine pelvic efferent nerve activity. (**B**) Sample recordings of uterine pelvic efferent nerve responses following perineal pinching. Modified from Hotta *et al*. ([@B23]). Figure 5.Schematic diagram of the reflex pathways for cerebral cortical and uterine blood vessels.

### Reflex Center for the UBF Responses is in the Spinal Cord

These cutaneous stimulation-induced responses of blood flow and pelvic efferent nerve activity still existed and were even augmented, after acute spinalization at the first cervical level; therefore, the reflex center for these responses is in the spinal cord. The somato-uterine blood flow reflex showed pronounced segmental organization, since only cutaneous stimulation of the hindpaw and perineal area, with perineal predominance, produced these reflexes significantly. These segments of cutaneous afferents are close to the sixth lumbar and first sacral segments, from which pelvic efferent preganglionic fibers emerge in the spinal cord in rats ([@B25]).

### Summary of the reflex pathway for the UBF response

We conclude that the cutaneous mechanical sensory stimulation can regulate UBF by a segmental spinal reflex mechanism via pelvic parasympathetic cholinergic vasodilators ([Fig. 5](#F5){ref-type="fig"}). Perineal stimulation induced-increase in the UBF was elicited either by innocuous brushing or noxious pinching, suggesting that the response was elicited by excitation of somatic groups II, III and IV afferent nerves.

CGRP-Related Vasodilative Regulation of Skeletal Muscle Blood Flow (MBF)
========================================================================

Electro-acupuncture Affects MBF
-------------------------------

Noguchi *et al*. ([@B26]) examined effects of electro-acupuncture stimulation of the hindpaw on blood flow of the biceps femoris muscle in anesthetized rats. Electro-acupuncture stimulation produced biphasic responses in muscle blood flow (MBF): an initial increase and then a slight decrease, with a concomitant increase in arterial blood pressure. The increase in MBF is due to passive response to a systemic reflex pressor response and the decrease in MBF is due to reflex activation of muscle sympathetic activity.

Antidromic Activation of Somatic Afferent Nerves Increases MBF
--------------------------------------------------------------

In acupuncture treatment for localized muscle ache, it is very likely that acupuncture stimulates muscle afferent fibers, either antidromically or by an axon reflex manner and releases CGRP. This vasodilative substance may then produce vasodilation and subsequent increases in the blood flow of local muscles. This possibility has long been proposed, but there has been no experimental proof that CGRP from the nociceptive afferent nerve terminals in muscles contribute to vasodilation of skeletal muscles. Recently, CGRP-related antidromic vasodilative action in muscles was demonstrated in rats by Sato *et al*. ([@B27]). When stimulus parameters were adequate to excite unmyelinated C (or group IV) afferent fibers, stimulation of the third to fifth lumbar dorsal roots produced an increase in blood flow in the biceps femoris muscle ([Fig. 6](#F6){ref-type="fig"}). MBF increase was observed in ∼50% of the trials in which the L3 dorsal root was stimulated and in all trials in which the L4 or L5 dorsal roots were stimulated. This response was only obtained by stimulation of the dorsal root ipsilateral but not contralateral, to the biceps femoris muscle. Mean arterial pressure was not influenced by stimulation of these dorsal root segments. Figure 6.The effect of antidromic stimulation of the unilateral dorsal roots (DR) of lumbar segments on ipsilateral MBF. (**A**) Schematic diagram of CGRP-related antidromic vasodilative action in muscles. (**B**) Sample recordings of blood flow of the biceps femoris muscle response to antidromic electrical stimulation of the L4 DR. Parameters of electrical stimulation are indicated. (**C**) The means and SEM of MBF responses to stimulation of L4-L5 DR before (closed circles) and after (open circles) topical application of hCGRP ([@B8; @B9; @B10; @B11; @B12; @B13; @B14; @B15; @B16; @B17; @B18; @B19; @B20; @B21; @B22; @B23; @B24; @B25; @B26; @B27; @B28; @B29; @B30; @B31; @B32]) (10^−4^ M). Changes in MBF were calculated every 30 s and are expressed as percentages of the pre-stimulus values just before stimulation (ordinate). The horizontal bar between the dashed vertical lines indicates the time during DR stimulation. Onset of electrical stimulation of DR is expressed as zero (abscissa). \**P* \< 0.05; \*\**P* \< 0.01; significantly different from pre-stimulus control values. Modified from Sato *et al*. ([@B27]).

The dorsal root stimulation-induced increase in MBF was totally abolished after topical application of 10^−4^ M h CGRP ([@B8; @B9; @B10; @B11; @B12; @B13; @B14; @B15; @B16; @B17; @B18; @B19; @B20; @B21; @B22; @B23; @B24; @B25; @B26; @B27; @B28; @B29; @B30; @B31; @B32]), a CGRP receptor antagonist ([Fig. 6](#F6){ref-type="fig"}C). Thin afferent fibers containing CGRP exist in skeletal muscles ([@B28]) and CGRP is released in the hindlimb soleus muscles by excitation of the afferents in L4--L5 dorsal roots ([@B29]). This evidence indicates that antidromic vasodilation in skeletal muscles by stimulation of unmyelinated C afferents in dorsal roots is essentially mediated by the release of CGRP from afferent nerve terminals.

Conclusion and Remarks
======================

As introduced in this article, the reflex neural mechanisms of the acupuncture effects on regional blood flow in various organs, such as the cerebral cortex, uterus and skeletal muscles, using anesthetized animals from which emotional factors have been eliminated, have been clarified ([Fig. 7](#F7){ref-type="fig"}). Manual acupuncture needle stimulation of the skin and muscles has been reported to excite somatic afferent nerve fibers belonging to all groups I--IV fibers in rats ([@B30]). The afferent pathway of the increase in cerebral blood flow elicited by acupuncture-like stimulation is composed of somatic groups III and IV fibers and that in uterine blood flow is composed of somatic groups II--IV fibers. Efferent pathways of the increase in CBF by acupuncture-like stimulation include intrinsic cholinergic vasodilators originating in the basal forebrain and those in uterine blood flow include pelvic parasympathetic cholinergic vasodilators. The reflex increases in cerebral blood flow are supraspinal reflexes characterized by non-segmental organization. On the other hand, the reflex response in uterine blood flow is a spinal reflex characterized by segmental organization. Regulation of regional blood flow by somatic afferent stimulation, which is based on somato-autonomic reflex mechanisms, have also been found in choroidal blood flow of the eyeball ([@B31]) ([Fig. 7](#F7){ref-type="fig"}). Figure 7.Schematic diagram showing neural mechanisms of blood flow responses in various organs induced by acupuncture and other somatic afferent stimulation.

Skeletal muscle blood flow is also regulated by electro-acupuncture stimulation, by reflex mechanism via central nervous system. Furthermore, it was found that the antidromic activation of group IV somatic afferent nerves produces vasodilative action in skeletal muscles via CGRP; this phenomenon does not require the presence of the central nervous system. Similar antidromic vasodilation in peripheral nerves has also been demonstrated ([@B32]) ([Fig. 7](#F7){ref-type="fig"}).

The principles developed, based on these studies of anesthetized animals may be applicable to understanding the neural mechanisms of blood flow responses of various organs following clinical acupuncture.
